Abstract. Cytological cancer screening that targets genetic or epigenetic abnormalities may be a viable alternative to morphological screening. Detecting cancer cells by specific genetic markers helps their easy detection in cytological samples. We recently established the telomerase-specific replication-selective adenovirus OBP-401, in which the human telomerase reverse transcriptase (hTERT) gene promoter has been inserted upstream of the E1 genes, and in which the green fluorescent protein (GFP) gene is driven by the CMV promoter. This virus selectively replicates only in telomerasepositive cells, expressing GFP, and therefore may be a tool for cancer screening. In the present study, we first confirmed that cytological samples can easily be infected with OBP-401, allowing visualization of GFP-positive cells under fluorescent microscopy 24 h after infection. After 32 cytological samples from patients with cervical, endometrial or ovarian cancers were infected with OBP-401, GFP signals were detected in 31 (96%) of the samples. However, some normal endometrial scrapings exhibited GFP-signals, possibly due to endometrial glandular cells with constitutive telomerase activity. The ability of OBP-401 to enrich cancer cells was then tested. Cytological samples containing cervical or endometrial cancer cells were infected with OBP-401, and GFP-positive cells were sorted by flow cytometry; DNA was extracted from the GFP-positive cells. Direct DNA sequencing or methylationspecific PCR identified cancer-derived mutations or hypermethylations of tumor suppressor genes more efficiently than analyses using crude cytological samples. Thus, OBP-401-based sorting of GFP-positive cells successfully enriched cancer cells, allowing efficient detection of genetic or epigenetic abnormalities in cytological samples.
Introduction
Molecular-based screening using cytological samples is an attractive alternative to morphological screening for the early detection of cancer. In molecular-based screening, the targets used to identify cancer cells are genetic abnormalities involved in carcinogenesis, such as gene mutations, deletion/insertion and chromosome loss/gain. Compared to RNA or protein, DNA is extremely stable irrespective of the viability of tumor cells, and therefore has an advantage as a screening target (1) . In laboratory settings, PCR-based methods are commonly used to find genetic or epigenetic abnormalities. However, such methods are not very suitable for clinical cytological samples, because cytological samples are highly contaminated by normal cells, including not only stromal cells but inflammatory and blood cells, which interfere with detection of genetic abnormalities in cancer cells and thereby cause decreased sensitivity. For example, genetic analysis using exfoliated cells from the uterus has been unsuccessful, because of the high levels of mucous as well as blood and inflammatory cells present in samples from sexually active women. Thus, there is an urgent need for novel techniques that specifically enrich cancer cells from cytological samples.
One approach to cancer cell enrichment has been the use of immunomagnetic systems, in which antibodies against epithelial surface markers are linked to small paramagnetic microbeads, enabling target-cell selection using a powerful magnet (2) (3) (4) (5) . Many researchers have successfully used such systems for early detection of recurrent carcinomas, mainly using blood samples. However, such systems have not been useful for the screening of primary tumors, because of insufficient specificity in targeting of cancer cells.
Recently, we established a telomerase-specific replicationselective adenovirus (OBP-301, Telomelysin), in which the human telomerase reverse transcriptase (hTERT) promoter element has been inserted upstream of the E1A and E1B genes of the adenovirus type 5 genome (6) (Fig. 1A) . Because the E1 protein is only produced in cancer cells via cancerspecific transactivation of the hTERT promoter (7-9), OBP-301 selectively replicates in a variety of human cancer cells. We then constructed the telomerase-specific replication-selective adenovirus OBP-401 (Telomelysin-GFP), in which the green fluorescent protein (GFP) gene has been inserted into the E3 region of the viral genome under the control of the cytomegalovirus (CMV) promoter (10). This chimera virus expresses GFP via viral replication only in telomerase-positive cancer cells, allowing selective visualization of cancer cells in vitro and in vivo. Kishimoto et al (11) reported successful in vivo imaging of lymph node metastasis in a mouse model of human rectal cancer, after injecting OBP-401 into the primary cancer sites. Thus, it appears that OBP-401 could be a useful tool for molecular imaging in cytological screening of cancer cells. In the present study, we used OBP-401 to detect and enrich cancer cells in cytological samples from gynecologic tissues.
Materials and methods
Cell culture and sample collection. Human cervical cancer C33A, HeLa and normal human fibroblast BJ cells were incubated in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) in a 5% CO 2 atmosphere at 37˚C.
Cytological samples were obtained from 61 patients who underwent cytological screening for detection of gynecologic malignancies at the Department of Obstetrics and Gynecology, Kanazawa University Hospital, between October 2005 and November 2006. Written informed consent was obtained from all patients. Of those 61 patients, 29 patients were normal controls who were undergoing annual cancer screening or whose chief complaint was abnormal genital bleeding. The cervical and endometrial scrapings of those normal controls were diagnosed as cytologically normal, and half of each control's scrapings used in the present analyses. The remaining 32 patients had histologically confirmed gynecologic cancers: 15 cervical cancers, 14 endometrial cancers, 2 vaginal stump cancers and 1 ovarian cancer. Cervical, endometrial or vaginal scrapings or ascite samples were obtained from those 32 patients, and were used in the present analyses. All scraping samples were brushed into DMEM with 10% FBS, and were incubated at 37˚C in a 5% CO 2 atmosphere. Cellular viability was assessed by trypan blue staining using the ViCell cell counter system (Beckman Coulter, Fullerton, CA).
Infection with OBP-401 and observation of GFP-positive cells. OBP-401 was purified by ultracentrifugation in cesium chloride step gradients, and the titer was determined by plaque assay in 293 cells, as described previously (10) . To optimize infectious conditions, C33A, HeLa and BJ cells were plated on dishes and infected with OBP-401 at multiplicities of infection (MOI) ranging from 0.01 to 10. After incubation for 24 h, GFP expression was visually assessed using an inverted fluorescence microscope.
To optimize infectious conditions of suspended cells, C33A and HeLa cells adjusted to 2x10 5 cells were suspended in 50 μl of medium, and were incubated with 0.01-10 MOIs of OBP-401 for 1 h. Then, 50 μl of medium was added, and the cells were incubated for an additional 24 h. Next, 10 μl of the suspension was dropped on a glass slide, a cover glass was added, and GFP expression was visually assessed under fluorescence microscopy.
Pre-clinical sensitivity assay for screening of cancer cells. C33A cells were stained with CellTracker Blue CMAC (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Blue-stained C33A cells were mixed with normal cervical scraping cells in cell suspensions at ratios ranging from 1:1 to 1:100000, and the total number of cells in each suspension was adjusted to 2x10 5 . Those cell suspensions were then incubated with OBP-401 at 10 MOI for 24 h, and then a 1/20 volume of each suspension was used for visual assessment of GFP expression. The blue-stained and green-fluorescent cells in non-diluted and 10-fold-diluted samples were counted in 10 randomly selected fields at a magnification of x100. For samples at higher dilutions, bluestained and green-fluorescent cells were counted in all fields at a magnification of x100.
GFP-based sorting for genetic/epigenetic analyses. C33A cells were mixed with normal cervical scraping cells at a ratio of 1:9 or 1:1, and each mixture was divided into 2 tubes. The cells in one tube were incubated with OBP-401 at 10 MOI for 24 h. Then, GFP-positive cells in that tube were sorted by FACS using the EPICS ALTRA system (Beckman Coulter). In the other tube, which was used as a control, the cells were incubated without OBP-401 for 24 h. Genomic DNA was extracted from the cells in both tubes, and was subjected to mutation analysis of the p53 gene. In the mutation analysis, exon 8 was amplified by PCR as previously described (12), and direct sequencing was performed using the reverse primer and an ABI PRISM 310 Genetic Analyzer (Applied Biosystems, Foster City, CA).
For methylation analysis of the MLH1 promoter, endometrial scraping cells from 6 patients with endometrial cancers were used to create cell suspensions, which were then each divided into 2 tubes. As described above, cells in one tube were incubated with OBP-401, followed by GFP-based sorting, while the other tube was used as a control. Genomic DNA was extracted from the cells in both tubes. The genomic DNA was modified with sodium bisulfite using a CpGenome DNA Modification Kit (Invitrogen), and was PCR-amplified using methylation-specific primers. The PCR product was subjected to electrophoresis to visualize methylated and unmethylated products, as previously described (13) .
Results

Optimizing OBP-401 infection to visualize cancer cells in cytological samples.
To effectively visualize cancer cells in cytological samples by GFP fluorescence, it is essential to optimize the conditions of OPB-401 infection, including the time-course of GFP fluoresence, the dose of infection and the viability of cells before and after infection. We first observed the time course of GFP expression. When C33A, HeLa and BJ cells were incubated with OBP-401 at MOIs of 0.01-10 for 24 h, >50% of C33A and HeLa cells incubated at MOIs of >0.1 exhibited significant GFP expression, whereas BJ cells exhibited no GFP expression, even when incubated at MOIs of >10. C33A and HeLa cells began to die between 24 and 48 h after the beginning of incubation, due to the cytotoxic effect of OBP-401, and all C33A and HeLa cells were dead 72 h after the beginning of incubation (data not shown). These results indicate that the optimal time to observe GFP expression is 24 h after the beginning of incubation.
Because gynecologic malignancies are solid tumors, cytological samples must be converted into cell suspensions in medium before infection with OBP-401. The viability of the suspended cells is an important factor, because the cells must survive until at least 24 h after the beginning of incubation, which is the optimal time to observe GFP fluorescence, as described above. We therefore monitored the viability of suspended cells. Cervical exfoliated cells were suspended in DMEM containing 10% FBS, and cellular viability was evaluated by trypan blue staining (Fig. 1B and C) . Approximately 40-80% of the cells were found to be viable at the time of sample collection, and their viability did not change during the next 24 h; however, their viability began to decrease 24 h after sample collection. Thus, suspended cells should be used within the first 24 h after sample collection.
Finally, we optimized the dose of OBP-401 for infection of suspended cells. Cervical cancer C33A cells have the highest telomerase activity among cancer cell lines, whereas HeLa cells have relatively low activity. C33A and HeLa cells were suspended in medium, and were then incubated with OBP-401 at various MOIs. For C33A cells, incubation with OBP-401 at 1 MOI was sufficient to obtain significant GFP expression in >90% of cells, whereas HeLa cells had to be incubated with OBP-401 at 10 MOI to obtain the equivalent level of GFP expression ( Fig. 2A) . Based on these results, we concluded that 10 MOI is the optimal dose of OBP-401 for infection of suspended cells.
Application of OBP-401 system to cancer screening. We then tested the sensitivity of the OBP-401 system for detection of cancer cells in vitro. C33A cells were marked by pre-staining with CellTracker Blue, and were then mixed with normal cervical scraping cells at ratios ranging from 1:1 to 1:100000. The total number of cells examined was fixed at 2x10 5 for each sample, based on the results of preparatory experiments in which we counted the mean number of cells contained in typical cervical scrapings at regular cancer screenings. After these mixed cells were incubated with OBP-401 at 10 MOI for 24 h, we counted the numbers of pre-staining blue signals and GFP-derived green signals. Overall, in each field, almost all cells with blue signals also displayed green signals, whereas none of the cells without blue signals displayed green signals (Fig. 2B) . We were able to detect specific green signals on C33A cells at ratios as high as 1/10000, but at lower ratios we were unable to detect CellTracker Blue-positive or GFPpositive cells (Table I) . Thus, it appears that the OBP-401 system detects cancer cells in cytological samples with satisfactory sensitivity.
Next, we attempted to detect cancer cells in clinical scraping samples from 32 patients with histologically confirmed gynecologic cancers (15 cervical cancers, 14 endometrial cancers, 2 vaginal stump cancers and 1 ovarian cancer) and 29 normal control patients. Exfoliated cells including one ascites samples were obtained and the half were subjected to Papanicolau smear testing in which all 32 cancer patients exhibited class V, suggestive of cancer while 29 normal control patients showed class I or II, and the remaining half were suspended in medium and incubated with OBP-401. In samples from 31 of the 32 cancer patients, 24 h after the beginning of incubation, we observed significant GFP expression under fluorescence microscopy, mainly in clusters of atypical cells but also in surrounding solitary cells (Fig. 3) , indicating that the sensitivity of the OBP-401 system is extremely high (96%). In contrast, most of the normal cervical samples did not exhibit clear GFP signals (Fig. 3A) . However, some normal cervical samples contained single cells with weak GFP expression; those cells had common characteristics Table I . Detection of cancer cells in normal cervical scrapings by OBP-401. 
-----------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------
5% -----------------------------------------------------------------------------------------------------a Percentage of GFP-positive cells in CellTracker-positive cells.
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(round shape, small size (diameter ~10 μm) and solitary distribution) that were quite different from those of GFPpositive cells found in cervical cancer specimens. Morphologically, they appeared to be inflammatory cells, mainly neutrophils. Similarly, some normal endometrial scraping samples also contained GFP-positive cells (Fig. 3B) , at a higher frequency than normal cervical scrapings. Careful morphological examination revealed that such cells sometimes formed clusters and appeared to be of epithelial origin. We previously reported that normal endometrial epithelial cells in the proliferative phase exhibit telomerase activity (14, 15) . Such activity may be the source of the GFP-positive cells in some of the present normal scraping samples.
OBP-401-based enrichment of cancer cells for genetic analysis.
Because OBP-401 infection enabled us to visualize cancer cells with extremely high sensitivity, we attempted to concentrate cancer cells from scraping samples by sorting GFP-positive cells. We first tested the efficacy of such cancer cell enrichment using cancer cell lines. C33A cells, which have a p53 mutation at codon 273 in exon 8 (CGT→TGT) (16), were mixed with cervical scraping cells from normal control patients at various ratios. Each of these mixtures was divided into 2 samples, one for infection and the other for non-infection (control); the infection sample was GFP-sorted after 24 h of incubation with OBP-401. Genomic DNA was then extracted from each pair of samples, followed by p53 mutation analysis by direct sequencing. When normal cells were predominant in samples, the p53 mutation could only be detected after sorting, in the GFP-positive fraction; i.e., the non-sorted samples exhibited wild-type p53 sequences (Fig. 4A) . As the ratio of C33A cells increased, small waves indicating mutated sequences were observed in non-sorted samples, but the waves indicating wild-type sequences remained predominant. These findings indicate that sorting of OBP-401-infected GFP-positive cells is a highly sensitive method of detecting genetic mutations in scraping samples. We also applied the present GFP-based sorting system to endometrial scrapings. Recent studies indicate that one of the most frequent abnormalities in endometrial carcinogenesis is inactivation of mismatch repair genes, mainly the MLH1 gene (13, 17, 18) . In 30-40% of endometrial cancers, the MLH1 promoter region is hypermethylated, leading to silencing of the MLH1 gene, whereas hypermethylation of the MLH1 promoter region is extremely rare in normal endometrium. Therefore, we selected MLH1 hypermethylation as a molecular target for screening of endometrial cancer cells. Endometrial scraping samples from 6 endometrial cancer patients and 6 normal control patients were GFP-sorted after OBP-401 infection. The methylation status of the MLH1 promoter was then analyzed by methylation-specific PCR. In all normal control samples, the MLH1 promoter bands were unmethylated (data not shown). However, 2 of the 6 cancer patients (EC#4 and EC#6) had methylated MLH1 promoter bands in both their sorted GFP-positive fraction and non-sorted samples (Fig. 4B) . Interestingly, in 1 cancer case (EC#1), a methylated MLH1 promoter band was observed in the sorted GFP-positive fraction but not in the non-sorted sample. Furthermore, with the exception of 1 case (EC#1), unmethylated MLH1 promoter bands observed in the cancer samples before sorting completely disappeared after sorting, indicating that contaminating stromal cells causing generation of unmethylated bands were efficiently eliminated by the sorting of GFP-positive cells. These findings indicate that OBP401 is useful for enriching endometrial cancer cells in scraping samples. 
Discussion
The present OBP-401-based screening system is a unique method of detecting cancer cells using telomerase activity as a target, based on consistent reports of studies in which telomerase activation was observed in >90% of cancers, irrespective of tumor type (19, 20) . A technical advantage of this OBP-401 system is that the GFP signals can be amplified by autonomous viral replication (a useful characteristic of replication-competent adnoviruses), possibly leading to superior sensitivity in detection of cancer cells. In the present study, we identified GFP-positive cancer cells in scraping samples from various gynecologic cancers with extremely high sensitivity (>95%). An additional technical advantage of this system is that cancer cells (even a single cell) can be automatically detected by GFP fluorescence without special knowledge of their morphology; this could be advantageous in hospitals or institutes where conventional cytological screening is not available. Although the present findings indicate that the OBP-401 system has superior sensitivity for detection of cancer cells, it is unclear whether it has superior specificity. In some of the present cervical cancer scraping samples, we detected weak GFP signals that were usually small and isolated. Careful morphological evaluation revealed that those signals were mainly produced by inflammatory cells, especially neutrocytes. In the present study, GFP signals were detected more frequently in normal endometrial samples than in normal cervical samples; we speculate that this is due to constitutive telomerase activity in normal endometrial epithelial cells (14, 15) . Although the signal intensity of these GFP-positive cells was generally weak, these signals probably decrease the specificity of this system. To overcome these problems, we are currently developing flow cytometrybased quantitative analysis of GFP signaling combined with morphological analysis of single GFP-positive cells, which we expect will greatly improve the specificity of screening.
The present findings indicate that GFP-based sorting after OBP-401 infection is a promising method of enriching cancer cells. In the present in vitro analysis in which C33A cells were mixed with normal cervical scraping cells, the p53 mutation was only detected in GFP-sorted samples, even when normal cervical scraping cells were predominant. In the present experiments using endometrial scraping samples from 6 endometrial cancer patients, 1 patient had methylated MLH1 promoter bands only in the sorted GFP-positive fraction. Furthermore, most of the endometrial cancer patients exhibited loss of unmethylated bands after sorting, indicating that contaminating stromal cells were effectively eliminated by the sorting. A further advantage of this system is that its sensitivity for detection of genetic abnormalities can be improved by increasing the number of cells subjected to sorting, by scraping as many cells as possible during sampling at cancer screening.
We wish to emphasize that the OBP-401 system can be used to detect a variety of molecular targets. For screening of cervical cancers, the human papillomavirus (HPV) would be a good target. Although detection of HPV by PCR can be sensitive even when crude scraping samples are used (21, 22) , the OBP-401 system has the advantage of being able to concentrate HPV-positive cancer cells, even when the sample contains a very small number of cervical cancer cells or dysplastic cells. For screening of endometrial cancer, the potential targets include PTEN, KRAS and p53 (23) . Obviously, the OBP-401 system can also be used to screen other types of cancers. We are currently experimenting with using the OBP-401 system to detect genetic mutations in blood or sputum samples from patients with leukemia or lung cancer, respectively.
In conclusion, we used a telomerase-specific replicationselective adenovirus containing the GFP gene to detect cells of various gynecologic cancers. After cell suspensions obtained from cytological samples were incubated for 24 h with OBP-401, fluorescence microscopy revealed strong GFP signals in cancer cells. Although the sensitivity to screen cancer cells appears to be sufficient, the specificity of this system was unsatisfactory, generating GFP signals even in normal endometrial scraping samples, possibly due to the constitutive expression of telomerase activity in endometrial glandular cells. In turn, sorting of GFP-positive cells resulted in successful enrichment of cancer cells, elimination of contaminating stromal components and efficient detection of genetic or epigenetic abnormality in subsequent specific analyses. To further improve the diagnostic accuracy of this system, we are currently studying ways to reduce or distinguish non-specific signals observed in some normal scraping samples.
